Is collagen just the workhorse of the extracellular matrix with few roles other than merely giving the body structural platforms? Hardly so. The collagen family has now swelled to at least 27 distinct members and thus is full of promise for functional diversity (1) . Granted, some collagens belong to the best known and most abundant structural proteins. However, collagens also control sophisticated organ or tissue functions by means which are unexpected, fascinating, and often bewildering. Like other matrix macromolecules, collagens are functional only after aggregating into tissue suprastructures. They form complex alloys or composites containing not only several collagen types but also other kinds of molecules. Even tiny fractions of "minor" collagens astoundingly control suprastructural assembly and thus cell-matrix interactions dictating cellular activities such as growth, survival, differentiation, gene expression, and metabolism. This minireview will focus on a growing subgroup of collagens, the collagenous transmembrane proteins, which have dual functions as cell surface receptors or as matrix components. If their extracellular domains are cast off by limited proteolysis, they can begin to signal to cells as soluble molecules. Collagenous transmembrane proteins are widely expressed and are involved in cell adhesion, epithelial-mesenchymal interactions during morphogenesis, neuromuscular signaling, and host defense against microbial agents. Correspondingly, they are associated with genetic and acquired human diseases, e.g. epidermolysis bullosa, ectodermal dysplasias, bullous pemphigoid, or Alzheimer disease, and mouse models implicate them in the etiology of further pathological conditions.
Structure and Functions of Collagenous
Transmembrane Proteins The designations of most collagenous transmembrane proteins are related to their structures or functions or to diseases caused by mutations in their genes (2) . The group includes several collagens, i.e. types XIII, XVII, XXIII, and XXV, which have a number of consecutive triple helical regions flanked and separated by nonhelical sequences (Fig. 1) . Other group members contain single and sometimes small collagenous triple helical stretches, e.g. ectodysplasin A, the class A macrophage scavenger receptors, the MARCO 1 receptor, as well as the newly discovered "collagen repeat plus olfactomedin domain-containing proteins," or colmedins (3) . Collagens XIII and XVII are components of morphologically distinct cell adhesion structures, i.e. focal adhesions and hemidesmosomes, respectively (4 -7). Because they share structural features, collagen XXIII and ectodysplasin A may also be part of the cell adhesion machinery. Collagen XXV, also called CLAC-P (collagenlike Alzheimer amyloid plaque component precursor), is brain specific, and its ectodomain is a stabilizing component of Alzheimer amyloid plaques. The macrophage scavenger receptors and the MARCO receptor are involved in host defense and the colmedins in neuromuscular signaling (3, 8 -10) . All collagenous transmembrane proteins are trimers of identical polypeptides, called ␣-chains. They contain an N-terminal intracellular domain, a single transmembrane stretch, and a large extracellular C terminus, i.e. a structure characteristic of membrane proteins in type II orientation (Fig. 1) . The length of the ␣-chains varies between 135 amino acids for the shortest isoform of ectodysplasin A and 1497 amino acids for the largest group member, collagen XVII. The intracellular domains comprise about 10% of the total mass with the exception of collagen XVII, where it is roughly one-third. The hydrophobic membrane-spanning domains consist of 21-26 amino acids. The ectodomains protruding into the extracellular space have rigid, rodlike shapes because they contain one or several triple helical regions. If present, the interruptions separating the triple helical domains provide for structural flexibility within the ectodomains.
Extracellular, juxtamembranous stretches of 59 -116 amino acids form "linker regions" between the plasma membrane and the first collagenous domains. These linker regions contain trimeric ␣-helical coiled-coils thought to prompt trimerization and subsequent zipper-like folding of the adjacent triple helices, presumably in the N-to C-terminal direction (11) (12) (13) (14) (15) .
Proteolytic processing within the linker region results in soluble, shorter forms of collagens XIII, XVII, XXIII, XXV, and ectodysplasin A that have been isolated from tissues or cell cultures. The cleavage is catalyzed by a group of cell surface enzymes, collectively referred to as sheddases, which release the ectodomains from the cell surface in analogy to the processing of a variety of biologically active molecules such as growth factors and their receptors, proteoglycans, or cell adhesion molecules (16) . The soluble forms, retaining some of the interaction capacities of their cell-bound counterparts, may have altered biological activities in that they modulate ligand binding or fine-regulate signal transduction and/or cell attachment during proliferation and differentiation. Thus, ectodomain shedding can influence the interaction of cells with their environment in multiple ways.
It is not clear whether the same sheddases cleave the ectodomains of all collagenous transmembrane proteins. Because most members of the group contain a furin consensus sequence within the linker region, furin has been proposed as the relevant sheddase (12, (17) (18) (19) (20) (21) (22) . However, processing of collagen XVII is more complex and will be discussed below in more detail.
Collagen XVII: Role Model of Collagenous
Transmembrane Proteins Collagen XVII is one of the best studied collagenous transmembrane proteins and well exemplifies the characteristics of the entire group. The protein, initially identified as the 180-kDa bullous pemphigoid antigen (BP180) in the skin, is a keratinocyte surface protein in the epidermis. ¶ To whom correspondence should be addressed. E-mail: bruckner_ tuderman@haut.ukl.uni-freiburg.de. 1 The abbreviations used are: MARCO, macrophage receptor with collagenous structure; ADAM, a disintegrin and metalloproteinase; TACE, tumor necrosis factor-␣-converting enzyme; JEB, junctional epidermolysis bullosa; EDA, ectodysplasin A; SRCR, scavenger receptor cysteine-rich; OLF, olfactomedin.
Biochemical Features and Ligand Interactions-Collagen
XVII molecule comprises three ␣1(XVII) chains with a molecular mass of 180 kDa. The intracellular domain, the short transmembrane stretch, and the extracellular, rodlike domain are 466, 23, and 1008 amino acids in length, respectively (2). The ectodomain contains 15 collagenous (COL1-COL15) and 16 non-collagenous sequences (NC1-NC16), some of which are N-glycosylated. The overall structure of the ectodomain is that of a flexible rod (13, 17) . The intracellular ligands of collagen XVII include ␤ 4 -integrin, plectin, and BP230 in the hemidesmosomal plaque (4), and the extracellular ligands ␣ 6 -integrin and laminin 5 in the anchoring filaments (23, 24) . Further binding partners are likely to exist but still await identification. Thus, collagen XVII contributes to stable adhesion of epithelial cells by multiple protein-protein interactions. Its pivotal role in this process is indirectly demonstrated by genetic and acquired skin diseases in which the loss of function of collagen XVII leads to diminished epidermal adhesion and skin blistering (see below).
Collagen XVII Is Shed by ADAMs-A landmark feature of collagen XVII is its constitutive shedding yielding a shorter and soluble form of the molecule (17, 25) that essentially spans the entire ectodomain (see Fig. 2S in supplemental material). There is a furin consensus sequence within the juxtamembranous linker region NC16A of human collagen XVII, and a specific furin inhibitor abolishes shedding. However, other species, e.g. pig, dog, mouse, rat, or chicken, do not have a furin consensus sequence in the NC16A domain, and at least murine collagen XVII and a human deletion mutant lacking the furin site are efficiently processed nonetheless. Collagen XVII is not directly cleaved by furin convertases but rather by proteinases of the ADAM family (26, 27) , which, in turn, are activated by furin. It remains to be seen whether furin also can activate sheddases other than ADAMs. The prototype sheddase ADAM-17, or TACE, appears to be the major and physiologically relevant sheddase for collagen XVII, but ADAM-9 and -10 may substitute. Being integral membrane proteins themselves, ADAMs generally act near the extracellular cell surface and release soluble forms of many type I or type II transmembrane proteins (16, 28, 29) . It is believed that shedding of membranebound precursors depends less on sequence specificity than on structural convergence or accessibility of the cleavage sites and their distance to the cell surface (30) . In the case of collagen XVII, the stretch of amino acids 528 -547 within the NC16A linker domain seems essential for sheddase recognition and cleavage. Deletion of this stretch prevented shedding and reduced thermal stability (26) . This observation led to the proposal that the conformation of the NC16A domain and steric availability of the cleavage site influence shedding. This notion is supported by the fact that the soluble ectodomains isolated from human skin and from cultured HaCaT cells have different N termini (31) .
Biological Significance of Collagen XVII Shedding-The biological consequences of collagen XVII shedding are not yet fully understood. An initial prediction was that ectodomain cleavage favors keratinocyte detachment during morphogenesis, differentiation, and regeneration. Presumably, the cleavage of collagen XVII releases the cell from some of its binding partners and allows it to embark on other functions. This is supported by the finding that inhibition of collagen XVII processing preserved hemidesmosomal attachment in cultured keratinocytes (32) . In the meantime it has become obvious that cell adhesion and motility involve a number of receptors and ligands depending on the spatial and temporal biological context (4) and that these processes are quite complex (24, 27, 33, 34) .
Hereditary and Acquired Collagen XVII Diseases-Mutations in the human collagen XVII gene, COL17A1, lead to the absence or structural alterations of collagen XVII. The functional consequences include diminished epidermal adhesion and skin blistering in response to minimal shearing forces. The disorder is called junctional epidermolysis bullosa (JEB), a skin disease with variable clinical phenotypes (2, 35, 36) . Morphological characteristics of JEB are rudimentary hemidesmosomes and subepidermal tissue separation. Clinical hallmarks, in addition to blisters and erosions of the skin and mucous membranes, include nail dystrophy, loss of hair, and dental anomalies. More than 50 different COL17A1 mutations have been disclosed in JEB. Studies on genotype-phenotype correlations have not only revealed the molecular pathomechanisms in JEB but have augmented our understanding of the normal functions of collagen XVII and its individual subdomains (2, 24, 26, 33) .
Collagen XVII also plays a role as an autoantigen. It was initially identified as the 180-kDa bullous pemphigoid antigen (hence the 
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name BP180). Today we know that the pemphigoids are a heterogeneous group of autoimmune skin disorders with tissue-bound and circulating autoantibodies to collagen XVII. Most immunodominant epitopes lie within the NC16A domain, and the binding of the autoantibodies perturbs adhesive functions of the collagen, and this (together with inflammation-related processes) leads to epidermal-dermal separation and skin blistering. Also the shed ectodomain is targeted by IgG and IgA autoantibodies and, in some cases, is the preferential target (37, 38) . Therefore, it is likely that shedding of collagen XVII generates neoepitopes by inducing conformational changes in the new N terminus of the ectodomain.
Other Collagenous Transmembrane Proteins and
Associated Diseases Collagen XIII-This transmembrane collagen has a small cytosolic domain and a large ectodomain rich in collagenous sequences (39) . Apart from a 60-amino acid linker region, most of the ectodomain consists of three collagenous domains, COL1-3, and short non-collagenous interruptions, NC1-4. The ectodomain of recombinant collagen XIII has a rodlike structure with two flexible hinges, which coincide with the NC-2 and -3 domains (5). Furin convertases appear to cleave the ectodomain of collagen XIII, both within the trans-Golgi network and at the plasma membrane (21) . Collagen XIII exhibits a wide tissue distribution and multiple splice variants. It occurs at cellular junctions and cell-matrix interaction sites in epithelial, mesenchymal, and neural tissues. In cultured fibroblasts, collagen XIII is a component of focal adhesions (6) . It interacts with the collagen-binding integrin ␣ 1 ␤ 1 as well as with the matrix macromolecules fibronectin, nidogen-2, perlecan, and heparin, suggesting involvement in multiple cell-matrix interactions (5, 7). The phenotypes of collagen XIII transgenic mice are manifold. Muscle cell attachment to basement membranes is deficient in mice with collagen XIII lacking the cytosolic and transmembrane domains (40) , and a deletion within the COL2 domain led to embryonic lethality due to placental or cardiovascular defects (41) .
Collagen XXIII-The cDNA for human collagen XXIII predicts a 540-amino acid polypeptide, which consists of an N-terminal cytoplasmic domain of 24 amino acids, a transmembrane stretch, and an extracellular domain of 481 amino acids with three collagenous domains flanked by short non-collagenous sequences (20) . Thus, collagen XXIII shows structural homology with collagens XIII and XXV. The functions of this novel collagen still are unknown. Its mRNA is expressed in placenta, kidney, skin, and neural cells. 2 Recombinant collagen XXIII is synthesized as a ϳ75-kDa protein, which can be released from the cell surface by furin-mediated proteolysis. The cleavage produces a 60-kDa soluble ectodomain that forms a multimeric complex, which binds heparin with low affinity (20) .
Collagen XXV-This molecule is an intriguing member of the group (8) . First identified in Alzheimer amyloid plaques, it is now known to be exclusively produced by neurons. The human COL25A1 gene encodes a polypeptide of 654 amino acids, which shows structural homology to collagens XIII and XXIII in that it harbors three large collagenous subdomains in the extracellular domain. The ectodomain of recombinant collagen XXV is shed from the cell surface by furin, and both the soluble and transmembrane forms bind to and stabilize aggregates of amyloid ␤-peptides but not the intact amyloid precursor protein. Therefore, collagen XXV has been linked to ␤-amyloidogenesis and neuronal degeneration in Alzheimer disease (8, 42) .
Ectodysplasin A (EDA)-EDA is a short transmembrane protein with two small collagenous segments within the ectodomain and a tumor necrosis factor ligand motif in the C terminus (43) . The N-glycosylated ectodomain is shed from the cell surface, presumably by furin, to produce a diffusible signaling molecule which binds to EDA receptors (EDAR, XEDAR). EDA occurs in several splicing isoforms, all of which include a short intracellular domain, the transmembrane domain, and 73 amino acids of the extracellular domain. The two main isoforms, EDA-A1 and -A2, are 391 and 389 amino acids in length, respectively. The insertion of two residues determines receptor specificity. EDA-A1 binds to EDAR whereas EDA-A2 binds to a related, but distinct, ectodysplasin-A2 receptor XEDAR, derived from an X chromosomal gene (44) . Mutations in EDA, EDAR, or other molecules of this signaling pathway cause ectodermal dysplasias characterized by defective development of skin, hair, teeth, and exocrine glands, such as sweat glands, presumably due to impaired NF-B responses. Mutations in the EDA gene ED1 cause X-linked anhydrotic ectodermal dysplasia, a human disease characterized by sparse hair, abnormal teeth, and the absence of sweat glands, and in the mouse the Tabby phenotype (22, 45, 46) . Interestingly, amino acid substitutions of Arg-156 are frequent in patients with X-linked anhydrotic ectodermal dysplasia. This amino acid is part of the furin cleavage site within the linker region common to all EDAs, and it has been postulated that inhibition of furin cleavage prevents paracrine and juxtacrine signaling by the soluble ectodomain of EDA (19) . EDAR mutations underlie human hypohydrotic ectodermal dysplasia, a similar but less severe disease than the anhydrotic form, and the mouse downless phenotype (47) . Studies with mice either lacking the functional proteins of EDAR pathway or overexpressing the ligand or receptor suggest that EDA-A1-EDAR signaling has multiple roles in ectodermal organ development regulating their initiation, morphogenesis, and differentiation (48) .
The Macrophage Scavenger Receptors Type I, II, and III-The class A scavenger receptors are trimeric integral membrane glycoproteins implicated in tissue macrophage functions such as endocytosis, adhesion, phagocytosis, and intracellular signaling. There are three forms of the receptor derived by alternative splicing of a single gene. Each isoform contains six predicted structural domains that differ in the location and function of their C-terminal, scavenger receptor cysteine-rich (SRCR) domain. The SRCR domain is found in diverse secreted and cell-surface proteins and is thought to mediate protein-protein interactions and ligand binding (49) . The collagenous domain is presumed to be a ligand binding domain that can recognize a wide range of negatively charged macromolecules including oxidized low density lipoprotein, ␤-amyloid fibrils (similarly to collagen XXV), damaged or apoptotic cells, or pathogenic micro-organisms (50), denatured collagens I and III, as well as native, but not denatured, collagen IV (51). Employing their scavenger receptors, macrophages clean up cellular debris and other materials and exert initial host defense. Under pathological conditions, the receptors mediate recruitment, activation, and transformation of macrophages and other cells (9, 52) .
The Macrophage Receptor MARCO-MARCO also belongs to the class A scavenger receptors (53) . In addition to one large 270-residue collagenous region, the extracellular C terminus of MARCO contains an SRCR domain involved in binding of Grampositive and -negative bacteria (10) . MARCO is constitutively expressed in macrophages of the spleen and lymph nodes (54) , and MARCO-mediated phagocytosis in the lung is essential for the innate defense against pneumococcal infection (55) .
Colmedins (Collagen Repeat Plus Olfactomedin-containing Proteins)-The first member of this newly termed group, UNC-122 (uncoordinated locomotion), was discovered in Caenorhabditis elegans as a molecule essential for locomotion (3) . Together with structurally similar proteins predicted from DNA sequences of C. elegans, Drosophila, and vertebrates, UNC-122 forms the family of "colmedins," type II transmembrane proteins, which contain a collagen-like and a cysteine-rich olfactomedin (OLF) domain (Fig.  1, Col 3) . UNC-122 occurs in muscle and coelomocytes, the immunocytes of the coelom, and localizes to the postsynaptic surface of certain neuromuscular junctions. On the basis of motifs in the UNC-122 protein sequence that are characteristic of extracellular matrix proteins, it has been proposed that UNC-122 is involved in maintaining a structural microenvironment that allows efficient neuromuscular signaling. The unc-122 gene encodes a 598-amino acid type II transmembrane protein, with a small intracellular and a large extracellular part, which is probably released from the cell surface. The latter contains both a collagen-like and an OLF domain. The other colmedin of C. elegans is COF-2 (colmedin family member number 2), a protein of 486 amino acids with an intracellular N terminus of only 7 amino acids and an ectodomain containing a collagen-like and an OLF domain. Drosophila has only one colmedin gene, CG6867, encoding for a putative 949-amino acid type II transmembrane protein with one collagenous, one OLF, and two immunoglobulin domains not found in other OLF domain proteins. Recently, gliomedin was identified as a putative vertebrate ortholog of UNC-122; it contains the three structurally defining features of colmedins: a type II transmembrane domain, a collagen domain, and an OLF domain (GenBank TM data base accession number NP852047). Its functions remain to be investigated. The prototypic OLF motif also occurs in olfactomedin, an extracellular matrix protein of unknown function, originally discovered in amphibian olfactory neuroepithelium and subsequently found also in mammalian brain (56) . Biochemical assays showed that OLF domain-containing proteins can form disulfide-bonded multimers and, thus, may be structural proteins (57, 58) .
Summary and Perspectives
Common denominators of collagenous transmembrane proteins are the following. First, they all are type II transmembrane proteins spanning the plasma membrane of the cells expressing them and they can bind to extracellular and, sometimes, also intracellular ligands. Second, all members of the group explicitly studied in this respect are subject to shedding in vivo and in vitro. Therefore, shedding is likely to be a general feature of these proteins. There is no unique sheddase although furin is likely to be involved, directly or indirectly, and there is no well defined shedding consensus sequence within the substrates. Third, all collagenous transmembrane proteins discovered so far consist of three identical polypeptides folded into at least one collagen-like triple helical domain of variable length.
Although many structural and functional features of the group are known, a number of questions still remain unanswered. The biological advantage of the optionally membrane-bound structure still is incompletely understood with the possible exception of collagen XVII and EDA. The former is likely to be a membrane-bound matrix receptor and the latter, in its soluble form, a signaling factor. The potential functions of the shed proteins are presumably manifold, and it will be intriguing to learn about different biological events triggered by shedding. Further, the role of furin in regulating or effecting shedding is likely to provide novel insights not only into proteolytic processing but also into the ways in which cells communicate with their environment. Finally, as the details of the biological roles of collagenous transmembrane proteins are unraveled, novel strategies of developmental mechanisms are likely to become apparent, and consequently we also shall learn a great deal about the etiopathology of several rare (and probably also of more common) human diseases.
